Introduction
Males and females often exhibit different fitness optima for shared phenotypes, which drives the evolution of sexual dimorphism [1] . However, males and females share a genome, which ultimately constrains the evolution of dimorphism by not allowing sex-specific gene divergence [2] . Despite this constraint, dimorphism does evolve and recent studies have shown that the majority of X and autosomal genes can be differentially regulated between the sexes [3] [4] [5] [6] . Unfortunately, the underlying molecular mechanisms by which sexually dimorphic gene regulation manifests and evolves are unclear.
Recent work by Lemos and co-workers [7, 8] has shown that the Y-chromosome in Drosophila melanogaster can influence the regulation of hundreds of genes throughout the genome, suggesting that Y-chromosomes may in part facilitate sexually dimorphic evolution. The mechanism underlying this effect appears to be associated with variation in the Y-chromosome's non-coding heterochromatin, which influences the formation of euchromatin boundaries throughout the genome (i.e. areas where tightly packed heterochromatin meets loosely packed euchromatin, which influences gene regulation [7, 9, 10] ). The effect found in Drosophila may be a common phenomenon in most heterogametic systems, as Y-chromosomes tend to have large tracks of heterochromatin [11] and at least one other independently evolved Y-chromosome appears to exhibit a similar effect (e.g. mice; [12] [13] [14] ). Unfortunately, it is currently unknown if Y-linked regulatory variation (YRV) is widespread among independently evolved Y-chromosomes.
More importantly, it is still unclear if YRV can influence the evolution of autosome or X-chromosome coded traits, as most YRV studies have focused on the molecular mechanisms underlying the phenomenon and not its evolutionary potential [7] [8] [9] . In order for YRV to influence the continued evolution of male and female shared traits, it must (i) exist within populations where selection operates and (ii) directly influence male fitness. Regrettably, the original work reporting the YRV phenomenon precluded the detection of within-population variation by using Y-chromosomes captured from disparate geographical regions (i.e. non-coevolving populations; [7, 15] ). Moreover, no subsequent study has examined if co-evolving Y-chromosomes newly derived from the same population can influence fitness-related traits that are simultaneously expressed by both sexes (e.g. body size, development time, etc.).
Here, we assess the potential for YRV to influence the evolution of immune function in D. melanogaster. Immunity is a central physiological trait that is shared between the sexes and often exhibits dimorphism within numerous animal systems [16] . Sexually dimorphic immunity has likely evolved in these systems owing to differences in pathogen exposure or infection rates between the sexes, or owing to different lifehistory strategies [17] [18] [19] . In D. melanogaster, the regulation of immune-related genes is sensitive to the Y-chromosome [7] and immune gene expression has been shown to be dimorphic [16, 20] . However, it is still unknown if contemporary selection can shape YRV. In this study, we use RT-qPCR to determine whether immune-related YRV exists within a wild population of D. melanogaster. We then assess if Y-linked variation influences a male's immune-related fitness. These hitherto untested criteria are essential if the Y-chromosome is to influence the continued evolution of sexually dimorphic immunity.
Material and methods (a) Fly stocks and maintenance
In the autumn of 2010, isofemale lines were established by collecting 40 gravid D. melanogaster females from a single location in Orlando Florida. These lines were maintained via strict singlepair sibling matings to produce genetic homogeneity within each line. Just prior to each assay outlined below, corresponding Y-lines were created for each isofemale line (figure 1). Y-lines consisted of a genetically identical genome across lines, but a unique Y-chromosome within lines. That is to say, all Y-lines had the same X-chromosome and autosomes derived from a common isogenic stock and unique Ys that were derived from the above isofemale lines.
To create the Y-lines, two crosses were conducted. The first cross paired a male from each isofemale line with a female from an isogenic stock (Bloomington Stock no. 4361; made isogenic with 10 generations of single-pair sibling matings prior to experimentation). The isogenic stock contained recessive markers on each chromosome (y [1] ; bw [1] ; e [4] ; ci [1] ey[R]), allowing the detection of homozygous chromosome pairing. The resulting male offspring were all heterozygotes that contained a haploid set of isofemale autosomes and a haploid set of 4361 autosomes, as well as a 4361 X-chromosome (figure 1a). These males were then backcrossed to 4361 to create a range of Four days after eclosion, males and females were placed in groups of five into a 1.5 ml microcentrifuge tube containing Trizol and disrupted using a motorized pestle. RNA was extracted according to the Trizol reagent protocol (Invitrogen, Carlsbad, CA), creating four independent RNA samples per sex per Y-line. RNA was then reverse transcribed using the iScript cDNA Synthesis kit (Invitrogen) and the resulting cDNA stored at 2808C. In total, 104 female samples and 111 male samples were used [21] (samples were removed owing to poor extraction results). If immune-related YRV exists within a population, then Y-line males are predicted to differ in their immune gene expression while Y-line females should be the same. To address our prediction, three immune effector genes associated with the IMD pathway were examined, including attacin-A (CG10146), cecropin A1 (CG1365), and diptericin (CG12763). Attacin-A and diptericin are located on the second chromosome, while cecropin A1 is located on the third chromosome. These genes were chosen because they were shown to be influenced by acrosspopulation YRV in a previous study [7] . Gene expression was quantified using SYBR Green Supermix and the MyiQ Single Color Real Time qPCR Detection System (Bio-Rad, Hercules CA). All primers were designed using Primer3 software (http://bioinfo.ut.ee/ primer3-0.4.0/primer3/) and gene sequences available from Flybase.org. The primer sequences are as follows: attacin-A (left-GGCCTGGATGGACGTGCTAA, right-GTTGGCAAACGGTCC ACTCG), cecropin A1 (left-CGTTGGTCAGCACACTCG, right-GACATTGGCGGCTTGTTG), and diptericin (left-AGAGTGCGT CGCCAG TTCCA, right-GGCTGTTGCCATAGGGTCCA). All primers exhibited PCR efficiencies above 95% and no off-target amplifications were detected. Expression estimates were normalized Figure 1 . Establishment and maintenance of Y-lines. Here, the Drosophila melanogaster genome is depicted as three sets of autosomes (solid bars) and a pair of sex chromosomes (X and Y). Isogenic 4361 derived chromosomes with recessive markers on each chromosome are depicted in black, while the wild chromosomes from isofemale lines are depicted in grey. Y-lines were established by initially crossing an isogenic 4361 female to a male from each isofemale line (a). The resulting heterozygote male F 1 offspring were then backcrossed with 4361 females (b), which produced a range of male genotypes represented by the ellipsis. The F 2 male offspring that exhibited all recessive markers (12.5% of the genotypes produced) were then used to establish the Y-lines, as they possessed a common isogenic background, but unique Y-chromosomes. These newly formed Y-line males were then maintained through continual backcrossing with 4361 females (c).
rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151301 using the housekeeping gene actin5C (CG4027; left-TTGGGAAT GGAGGCTTGCGG, right-AGCACGGTGTTGGCATACAGAT; PCR efficiency was 99.3%). For all female samples used in the analysis, actin5c CT-values ranged between 16.3 and 18.4, with a mean and standard error of 17.45 + 0.12. Male actin5c CT-values ranged between 18.5 and 20.5, with a mean and s.e. of 19.12 + 0.11. Each 20 ml qPCR reaction was run in triplicate. All technical replicates for a given gene were averaged prior to estimating gene expression. Immune gene expression estimates were generated by calculating the difference between the target gene's cycle threshold (CT) and actin5c's CT within a given sample (i.e. we calculated each immune gene's DCT).
(c) Functional immune response assay
In the spring of 2013 (approx. 35 generations after the gene expression assay), 27 isofemale lines were randomly chosen to recreate the Y-lines (Y-lines from the YRV assay were destroyed after that assay). As above, virgin males and females from each newly established Y-line were collected after adult eclosion and maintained separately for 4 days. One male and one female from each Y-line were then randomly chosen and injected with an LD 90 of S. marcescens using a Nanoject II (Drummond Scientific, Bromall PA) under light CO 2 anesthesia (see below). After injection, each fly was placed in a Drosophila activity monitor (TriKinetics, Waltham MA) for 48 h and their motion recorded every minute to establish an accurate time-to-death (TTD). The TTD assay was replicated 12 separate times (in series) and each Y-line replicate was derived from a new cohort of flies injected with a freshly reared bacterial solution. In total, 212 females and 214 males were assayed across 27 lines. As with the YRV assay, if immune-related Y-linked variation translates into functional immune variation, then Y-line males are predicted to differ in their ability to defend against a live pathogen, while Y-line females should be the same.
Methods for infecting flies with S. marcescens were modified from Apidianakis & Rahme [22] . In short, bacteria were incubated in sterilized LB broth for 18 h at 378C until log phase. This solution was diluted with sterile broth to an absorbance of 0.4 at 490 nm using a microplate reader (Bio-Rad Model 680, Hercules, CA, USA). One millilitre of the diluted solution was centrifuged at 11 000g for 2 min. The supernatant was discarded and 1 ml of 10 mM MgSO 4 wash was added to the remaining pellet and centrifuged at 11 000g for 2 min. Again, the supernatant was discarded and the pellet was re-suspended in 1 ml of MgSO 4 . Preliminary experiments showed that 90% of flies died within 48 h of being infected with 60 nl of this concentration of MgSO 4 -suspended bacteria. Negative controls injected with just the bacterial vehicle (MgSO 4 ) showed no mortality, indicating that S. marcesens was the cause of death in these experiments. The S. marcescens used in this study was isolated from wild Drosophila melanogaster and graciously provided by B. Lazzaro.
(d) Statistical analysis
Relative immune gene expression values (DCT) were analysed separately for each target gene via a random effects model ANOVA (REML method), with Y-line and replicate representing the independent random effects. The significance of each random effect was determined via a log likelihood ratio test. The sexes were analysed separately, as female expression values serve as a methodological control (all females were isogenic) and we were uninterested in the effect of sex per se or its effect size. All Y-line by replicate interactions were not significant and were therefore not included in the final model. Considering that we examined three genes, we employed a sequential Bonferroni correction within each sex (k ¼ 3) to minimize the potential for Type I error. Repeatability of our qPCR samples was high (0.91, 0.99, 0.96 and 0.85 for actin5C, attacin-A, cecropinA1 and diptericin, respectively). Repeatability was based on the intraclass correlation among our technical well replicates for three randomly chosen PCR plates [23] . To determine whether expression levels of the different genes are correlated across Y-lines, we employed Pearson product moment correlation analysis based on family means, which provides an estimate of the genetic correlation between traits [24] .
Time-to-death values were analysed separately for each sex using a proportional hazards model. Flies that survived the 48 h period were censored and included in the analysis. Again, line by replicate interactions were not significant and were therefore not included in the final model. ) ). Last, we estimated the intraclass correlation (r) for time-todeath and gene expression using a clonal analysis method [25] . Prior to analysis, the influence of replicate was removed by generating the residuals between replicate and trait (i.e. gene expression or time-to-death). The resulting residuals were then used to estimate Y-linked genetic variation among Y-lines via a one-way ANOVA. In this analysis, the intraclass correlation estimates the proportion of trait variation attributed to the Y-chromosome. Note that the small subsample of wild Y-chromosomes used in this study, coupled with the use of a single isogenic background, may downwardly bias intraclass correlation estimates. By contrast, pooling five isogenic individuals (i.e. clones) into each Y-line replicate sample may decrease our estimate of phenotypic variance, which can upwardly bias the intraclass correlation for the gene expression data [21, 26] . Thus, the intraclass correlation estimates may not accurately reflect evolutionary potential in the original wild population. All analyses were conducted using JMPver10.
Results
If within-population YRV exists for immune-related genes, we predicted that Y-line males would exhibit differences in gene expression while Y-line females would not. We found that Y-line males did indeed exhibit differences in their gene expression for two of the three immune genes: attacin-A and cecropin-A1 (table 1) . Furthermore, the proportion of gene expression variation attributed to the Y-chromosome was r ¼ 0.18 for attacin-A ( p ¼ 0.0150) and r ¼ 0.20 ( p ¼ 0.0072) for cecropin-A1. Y-line females showed no among-line variation for any of the immune genes. Male expression levels for all three genes were positively correlated (all r . 0.79 and all p , 0.0001) and Y-lines exhibited consistent expression across all three genes (e.g. consistently high or low; figure 2 ). This is not surprising considering that these genes share the same regulatory pathway. These data indicate that immune-related YRV exists within the examined population.
As with the immune gene assay, if Y-line males but not females exhibit variation in their ability to defend against a pathogen, then it would suggest that YRV influences immune-related fitness. Accordingly, we found that only Y-line males differed in their ability to defend against the gram-negative bacteria S. marcescens (table 2 figure 3 ). These data suggest that Y-chromosomes that induce high baseline levels of immune gene expression in males also induce a greater defence against S. marcescens infection. Importantly, the lack of a female correlation does not imply that variation in female immune gene expression is unassociated with immune defence. Rather, it indicates that female Y-lines did not differ significantly in immune gene expression, which resulted in no significant relationship between expression and survival.
Discussion
For the YRV phenomenon to have an impact on the continued evolution of immune gene regulation, immune-related YRV must exist within populations and have a functional influence on a male's ability to defend against pathogens. Here we show that Y-chromosomes sampled from a single wild population affect immune-related fitness variation when introgressed into an isogenic laboratory background. Specifically, we show that Y-line males differed significantly in their immune gene expression (table 1) and functional immune response to a bacterial pathogen (table 2) . By contrast, Y-line females did not exhibit variation in either assay. Furthermore, immune gene expression level and ability to defend against a pathogen were genetically correlated in all three genes in males but not females ( figure 3 ). This correlation shows that baseline immune gene expression is sexually dimorphic, with males exhibiting higher values than females for all three genes, a trend that has previously been documented by our laboratory for IMD-related genes [20] . It also shows that Y-lines with the highest levels of expression were associated with the strongest pathogen defence ( figure 3) . Although the proportion of variation in time-to-death explained by the Y-chromosome appears small (r ¼ 0.05), small amounts of genetic variation can have profound implications on evolutionary time scales. Table 1 . Evidence for within-population Y-chromosome regulatory variation (YRV) for immune-related genes. As expected, Y-line males exhibited significant variation in immune gene expression for attacin-A and cecropin-A1, while female Y-lines were not associated with expression variation. Significance of the random effects models was determined via log likelihood ratio tests (degrees of freedom ¼ 1 Furthermore, this value is likely underestimated owing to our use of only a small subset of wild population Y-chromosomes and a single isogenic background. These results suggest that the YRV phenomenon has the potential to influence the adaptive evolution of immune function in D. melanogaster. Future work should examine more genes and other types of fitness assays in order to obtain a robust understanding of how YRV influences male immunity.
Although these data suggest that YRV can influence immune system evolution, the question of how it influences immune system evolution remains to be answered. Specifically, the type of genetic variation on the Y-chromosome can influence immune evolution in different ways. If the Y-linked genetic variation detected in this study is entirely additive, then selection can efficiently shape adaptive sexual dimorphism. If the variation is a mix of additive and epistatic variance, then adaptive evolution could be greatly hindered, depending on the proportion of the Y-linked variation that is epistatic. Epistasis can hinder adaptation by (i) making fitness landscapes rugged and (ii) reducing overall trait heritability, both of which reduce the efficiency of selection. In general, ruggedness is driven by local sign epistasis within the landscape, which can also cause a population to become marooned on a sub-optimal fitness peak and impede further evolution [27, 28] . The reduction in heritability stems from the fact that all types of epistasis increase phenotypic variance (the denominator of the heritability estimate; [29] ) and can also decrease additive genetic variance (the numerator of the heritability estimate; [30] ).
Importantly, if Y-linked variation is entirely epistatic, then dimorphic evolution via the Y-chromosome cannot proceed. Moreover, it could hinder monomorphic selection (i.e. when males and females share the same fitness optimum), considering that alleles must spend 50% of their time in a male background (assuming a 1 : 1 sex ratio) where epistasis alters their phenotypic effects and fitness values in a non-additive manner. The extent to which monomorphic selection is hindered would depend on the magnitude of the YRV effect relative to the rest of the genome. Interestingly, one of the few studies to have estimated Y-linked epistatic contributions on a trait did so for male mating success (a male-specific trait) and found that at least 40% of the variation in male fitness was linked to the Y-chromosome and this variation was entirely epistatic [31] . If Y-linked epistasis similarly influences the regulation of a male-female shared trait (i.e. not sexspecific) experiencing monomorphic selection, then it may be a common mechanism constraining adaptive evolution throughout the genome.
It is important to note that the maintenance of Y-chromosome additive variation within populations may be quite difficult, requiring either frequency-dependent selection or strong interactions with other genetic elements [32] . Unfortunately, the original work reporting the YRV phenomenon precluded the detection of within-population variation by using Y-chromosomes captured from disparate geographical regions (i.e. non-coevolving populations; [7, 15] ). Recent work in D. simulans did find evidence for within-population YRV associated with sex ratio distortion [33] . However, the D. simulans population used in the previous study had been maintained in the laboratory as isofemale lines for approximately 200 generations prior to investigation. Thus, the within-population YRV reported may have evolved under laboratory isolation and not under wild Table 2 . Evidence for within-population Y-chromosome variation for defence against a bacterial pathogen. As expected, Y-line males exhibit variation in their time-to-death after infection with Serratia marcescens, while Y-line females exhibited no variation. rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151301
conditions (owing to the likely occurrence of independent evolution among D. simulans isofemale line genetic elements), making the determination of whether YRV persists within populations difficult. In our study, the assessment of immune-related YRV was conducted in the absence of infection, and therefore represents a 'baseline' investment in immune gene products. Some Y-chromosomes exhibited a higher baseline investment than others (figure 2), which may induce a greater energetic cost on the bearer when no pathogen is present (i.e. a higher immune function maintenance cost). If the probability of infection is temporally or spatially variable, then a chromosome by environment interaction could help to maintain Y-chromosome variation within a population. This is an interesting result that deserves further investigation.
The original work describing the YRV phenomenon [7] noted several immune genes under the influence of the Y-chromosome, including attacin-A, cecropin A1, and diptericin (the three genes studied here). In contrast to the previous work, we found no effect of the Y-chromosome on diptericin (table 1) . The reason underlying this discrepancy may be the use of different Y-chromosomes, which influenced the formation of the euchromatin-heterochromatin boundaries differently [7] . For instance, the Orlando population may lack a Y-chromosome that has a large influence on diptericin, or such a Y-chromosome was not captured during the initial phase of the study. These possibilities raise interesting questions. For instance, which immune genes are most sensitive to the YRV effect, and do sensitive genes share similarities in function (i.e. recognition proteins versus signal transduction proteins)? An assay of YRV-sensitive genes may provide insight into which immune traits and/or pathways are readily being shaped by YRV.
There are hundreds of heterochromatin-euchromatin boundaries in the Drosophila genome [34] , each of which may be susceptible to the Y-effect. Furthermore, YRV is not limited to immune-related genes, but may affect any area of organismal physiology. The more fitness-related traits found to be influenced by YRV, the broader its evolutionary implications. Additionally, this phenomenon has only been studied in detail in a few Drosophila species and these species all share the same ancestral Y-chromosome. We still do not know if the within-population fitness consequences of YRV are simply a unique characteristic of this ancestral Drosophila Y, a characteristic of all Y-chromosomes, or a common characteristic of all heterogametic systems, including ZW systems. Work in mice does suggest that murid Y-chromosomes also influence the expression of autosomal genes, hinting that the YRV phenomenon may be widespread; however, these studies examined Y-chromosomes drawn from independent populations thereby limiting any conclusions about the ubiquity of within-population YRV [12] [13] [14] . Thus, a widespread examination of Y-chromosomes drawn from natural populations across numerous evolutionarily unique Y-chromosome systems could greatly increase our basic understanding of genome evolution.
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